beta-radiation
detector suitable for the measurement of regional blood flow in the experimental animal by the indicator clearance principle is described. A lithiumdrifted silicon diode encapsulated in a stainless steel case is sutured over the site of interest. A suitable beta-emitting isotope, such as X5Kr in saline solution, is injected into the arterial supply and its clearance from a 50-mg mass of tissue is recorded. The device was calibrated against a mechanical system and showed excellent agreement up to 600 ml/l00 g per min. At very high rates beyond the physiological range, flow was underestimated by a maximum of 10%. In vivo comparisons of myocardial blood flow assessed by the beta detector did not agree well with estimates of flow from a precordial counter or by the microsphere technique. Possible reasons are spatial heterogeneity of regional myocardial blood flow, the greatly different masses of tissue involved, or our inability to achieve suficient numbers of spheres for accuracy in a 50-mg mass of tissue. The unit was still functional after 50 days in a chronic animal. %;'Kr clearance; regional myocardial blood flow; coronary flow distribution; coronary blood flow THE REGIONAL DISTRIBUTION ofmyocardialbloodflowis determined at present by injecting particulate or diffusible indicators into the coronary circulation and estimating the amount of indicator retained in various portions of the heart muscle, either by direct analysis of tissue samples obtained at autopsy (1, 6, 11, 12) or by radioisotopic imaging (3). One drawback of the techniques requiring tissue sampling is that only one or, in the case of microsphere methods, a relatively small number of flow estimates can be made. Although multiple estimates of myocardial flow distribution are possible by imaging during washout of an inert radioactive gas, spatial resolution is suboptimal. This paper describes a miniature beta-radiation detector developed for long-term implantation on the surface of the heart of experimental animals that permits multiple estimates of regional myocardial blood flow under various physiological conditions over a period of weeks. A recent review details the principles and operating characteristics of these semiconductors and includes the description of a detector mounted at the tip of a cardiac catheter (10). The heart of the sensor is a standard lithium-drifted silicon Si (Li) diode available from stock (model LlO-3(C)N, Nuclear Semiconductor Div., United Scientific Corp., Mountain View, Calif.). It is mounted in a stainless steel case and sealed with epoxy resin. magnification, in a dark room, and with a strong collimated light directed to the rear of the shim. A hole for cable entry, 0.060-in. diam, is drilled through the side wall and the cable is made and attached to the case as follows. A 2%in. length of braided shield (shield 16-3-4, 36 picks/in., New England Electric Wire Corp., Lisbon, N.H.) is fed through the hole and the last l/32 in. of shield is dressed against the inner surface of the case and soldered. A 24-in. length of 0.040-in. OD polyvinyl chloride insulated wire is fed through the shield, which is then dressed tightly over the wire. A 24-in. length of 0.040-in. ID x 0.085in. OD medicalgrade silastic tubing (Dow Corning Corporation, Midland, Mich.) is expanded by soaking in ether for about 2 min and slipped over the shielded wire, butting against the steel case. After the ether has evaporated and the silastic has shrunk to original size, the silastic-steel junction is sealed with type A medical adhesive (Dow Corning Corporation, Midland, Mich.).
The diode is then attached to the case with silverconductive epoxy (Epo-Tek Hll, Epoxy Technology, Inc., Watertown, Mass.). Two very small dabs of epoxy are touched to the rim of the diode clear of the entrance window, and the detector is positioned face down in the steel case and held under a spring-loaded jig with a force of approximately 100 g until the epoxy cures. The gold wire from the back of the diode is soldered to the cable and the stainless steel case is filled with epoxy resin (Bakelite ERL2795/2793, Palmer Products, Inc., Worcester, Penna.). A stainless steel wire bent in the shape of a triangle is positioned over the case, with three loops allowed beyond its outside circumference, and is held in place by a dome of silver epoxy, which also serves as a shield. These loops are used to suture the diode in place over the site selected. A generous seal of type A medical adhesive is then formed at the junction of the cable and the case.
The free end of the cable terminates in a coaxial connector designed to be implanted transcutaneously and made of stainless steel and epoxy resin. The coaxial connector was found necessary to minimize noises.
RESULTS

Performance.
Bench testing using a point source of radiation emitted by s5Kr revealed that an encapsulated diode detects radiation in a nearly cylindrical volume of tissue 6 mm in diam. The mean path of the 0.78 MV beta-radiation of s5Kr in tissue is assumed to equal that in water, 2.4 mm (8), and is reduced to 1.9 mm by the steel in the window.
Accordingly, we estimate that under ideal conditions and during acute implantation the detector will monitor radioactivity to this depth in a cylindrical element of tissue having a volume of approximately 50 mm3. The volume of heart muscle monitored by a chronically implanted unit is undoubtedly decreased by fluid and fibrous tissue. Examination of tissue sections taken from immediately beneath a detector implanted for 50 days revealed an 0.2-mm layer of fibrous tissue.
In four open chest dogs, clearance curves were recorded simultaneously from the beta-radiation detector and from a scintillation counter with a sodium iodide crystal positioned over the precordium.
In one of the dogs, two beta-detectors were used. The detectors were affixed to the surface of the heart over the area normally perfused by the circumflex branch of the left coronary artery. A special catheter (7) was inserted in the circumflex branch, near its origin, for the introduction of s5Kr dissolved in physiological sodium chloride. Clearance curves were obtained during normal, reduced, and increased flow conditions. Flow was reduced in the circumflex by constricting it partially or totally for periods up to 2 min; increased flow conditions were obtained during the hyperemic response after coronary occlusion or after drug injection. Up to 7 mCi of s5Kr dissolved in 0.5 ml of physiological sodium chloride were injected into the circumflex, yielding a peak count as high as 1,000 counts/s. The recorded clearance curves were re-KHOURI, OLSSON, BEDYNEK, AND BASS plotted on semilogarithmic paper and the flow values were calculated by the method of Herd et al. (5) . Figure 2 shows a typical clearance curve obtained with the detector in an open chest dog and its replot on semilogarithmic paper (inset). The curve is monoexponential down to 3% of peak, with a correlation coefficient of 0.998. Clearance curves as a rule were monoexponential to at least 5% of peak unless the detector was positioned directly over a small arterial branch. This resulted in an initial high count followed by a monoexponential clearance. We believe this artifact was caused by the passage of a slug of indicator through the small vessel.
Validation. The ability of the beta detector to estimate clearance rate was assessed in a specially fabricated perfusion system. A small mixing chamber containing a plastic-covered magnetic stirring bar was connected to an accurately calibrated infusion pump (model 600, Harvard Apparatus Company, Millis, Mass.) and was placed on a magnetic stirrer.
A beta-radiation detector cemented in place with silastic adhesive served as the cover, and a side arm in the inflow tube was used for introducing the 85Kr solution. The volume of the mixing chamber was (determined gravimetrically and this number was used in cconverting flow rates in this system to milliliters per 100 grams per minute. The clearance curves obtained with the system were monoexponential to 1% of peak and had an average correlation coefficient of 0.999. Flow values were calculated from these curves by the method of Herd et al. (5), except that a value of 1.00 was used for specific gravity because clearance was measured in water. There was good agreement between the calculated flows and the mechanical system up to rates of 600 ml/100 g per min (Table 1 and Fig. 3 ). At flow rates of 978 and 1,161 ml/l00 g per min, which are ti rates estimated by the precordial detector. This lack of agreement probabl .y is because the two instruments measure flow in different masses of tissue. The beta detector samples flow in a well delineated small piece of myocardium weighing about 50 mg, whereas the precordial detector "sees" the composite clearance of isotope for the entire circumflex bed (including left atrium and part of the right ventricle) and its venous return, as well as isotope in the right atria1 and ventricular cavities. In view of other evidence for a heterogeneous spatial distribution of myocardial blood flow (4, 9), this lack of correlation is not surprising. The comparison of flow estimates using the beta-radiation detector with simultaneous estimates employing microspheres was further frustrated by our inability to obtain sufficient numbers of spheres for statistically adequate flow estimates (11) additional dogs the estimates with microspheres were based taken -on transmural cores from immediately of muscle 6 mm in diameter beneath each detector. Although in this case the flow values do not refer to strictly comparable volumes of tissue, there was a significant correlation between the two estimates, r = 0.76, 0.01 > P > 0.001. The better agreement probably reflects the increased number of microspheres counted. The inaccuracy of microsphere flow estimates in small masses of tissue has been commented on previously (11)
As of this communication, the beta-radiation detector has been implanted on the epicardium of two conscious dogs for periods of 20 days and 50 days, respectively. At termination of the experiments, both transducers were functional. The only change in characteristics noticed was a very slight stiffening of the cable in the unit implanted for 50 days. 
